We report recent investigations into the transition to turbulence in superuid 4 He, realized experimentally by measuring the drag forces acting on two custom-made quartz tuning forks with fundamental resonances at 6.5 kHz and 55.5 kHz, in the temperature range 10 mK to 2.17 K. In pure superuid in the zero temperature limit, three distinct critical velocities were observed with both tuning forks. We discuss the signicance of all critical velocities and associate the third critical velocity reported here for the rst time with the development of large vortical structures in the ow, which thus starts to mimic turbulence in classical uids. The interpretation of our results is directly linked to previous experimental work with oscillators such as tuning forks, grids and vibrating wires, focusing on the behavior of purely superuid 4 He at very low temperatures.
One of the signs of quasi-classical behaviour expected in turbulent ows due to submerged oscillators is that the drag coecient should display a plateau at a value near unity at higher velocities (c.f. oscillating cylinder in water 17, 18 ) . In analogy to classical uid dynamics, we dene the drag coecient as C D = 2F/(Aρv 2 ) with F , A, ρ, and v representing the peak force, cross-sectional area of the body perpendicular to the direction of motion, uid density, and peak velocity, respectively. It is therefore somewhat surprising that the reported drag coecients are typically one or even two orders of mag- It was shown that in purely superuid 4 He in the zero temperature limit (eectively a physical vacuum with ballistically propagating thermal excitations), quantum turbulence can be generated by a mechanical oscillator above some clearly dened critical velocity 19,20,25,26 . Usually, it is observed that the drag force acting on such an oscillator increases sharply at this critical velocity and later tends towards an approximately quadratic velocity 16 . In this case, the turbulent ow created at high velocity exhibits a drag coecient near unity 19, 2325, 33 , in striking contrast to the situation at low temperatures. However, for a better understanding of the situation in the two-uid regime, it is essential to rst study the limiting cases, i.e., the behavior of a fully classical uid above the superuid transition (T λ = 2.178 K), as well as that of pure superuid in the zero temperature limit and connect them with systematic measurements throughout the entire range of temperatures.
In this manuscript, we will focus on the behaviour of isotopically pure superuid 4 He in the zero temperature limit (with higher-temperature data shown for comparison), specically on the ow due to quartz tuning forks, and we will present convincing evidence for three distinct hydrodynamic critical velocities and suggest a tentative explanation of the related ow instabilities. The driving force applied to the fork is given by F = aV /2, and the velocity of the top of the tines is v = I/a, where a stands for the experimentally determined fork constant given by 34,38 : a = 4πm eff ∆f I V .
II. EXPERIMENTAL DETAILS
(
Here, m eff is the eective mass of the fork at (any) resonance and ∆f is the measured width of the reso- 42 with a conversion ratio of 1000 V/A was used to convert the current signal into voltage prior to detection with the SR-830 lock-in.
in vacuum at low temperatures, the experimental fork constants are estimated to be a f = 3.665×10 that we are now able to notably extend the range of available velocities using kHz-frequency step up transformers (see Fig. 1 ).
As expected, the 6.5 kHz tuning fork exhibits linear damping at low velocities at all temperatures. Upon increasing velocities, one or more distinct changes in the force-velocity dependence can be observed occurring at fairly well-dened values of velocity that appear to be independent of temperature, T , in the studied range 20 mK < T < 1100 mK. We will analyze these events in greater detail in the following section, and compare our ndings with a number of available experiments. Here we start with brief discussion of the linear damping forces observed at low velocities.
The linear damping forces can be fully described and understood as a combination of tuning fork intrinsic damping (dominant at lowest T ) and ballistic phonon drag (∝ T 4 ), which gradually changes into hydrodynamic viscous damping at higher T . The relevant dependencies are summarized in Fig. 3 , which presents the linear proportionality constant, λ, given by F = λv. We obtain the value of λ by tting the linear (low-drive) part of the force-velocity dependence (see Fig. 2 ). The lower panel of Fig. 3 shows the temperature dependence of the ratio of the λ coecient obtained for the fundamental mode and the rst overtone, denoted as λ f and λ o , respectively. At the lowest temperatures, the role of the steeply frequency dependent intrinsic damping is The low-temperature part of each dependence ts well to a sum of ballistic phonon drag (∝ T 4 ) and intrinsic TF damping (constant), while at higher temperatures, deviations occur due to viscous damping from the normal component gradually taking over the part of the ballistic phonon drag. In the lower panel, the ratio λo/λ f is shown, highlighting the frequency dependencies of the linear damping in dierent regimes. The frequency-independent ballistic limit, as well as the viscous limit with square root frequency dependence 39 is clearly indicated. For example, any critical velocity value determined from these measurements is prone to be overestimated as we do not necessarily observe the initial instability per se, but only the ensuing change in the drag force, when it aects the total of pre-existing drag forces noticeably. Note that one might be tempted to interpret the bending in the higher temperature data for the fundamental mode as a third critical velocity too. However, this event simply corresponds to the temperature-independent nonlinear drag (c.f. Fig. 7 ) becoming comparable to the linear drag that increases with temperature. Alternatively, ow instabilities occurring in the emerging normal component may be involved as well. Figure 7 shows the deduced non-linear drag contribution to the damping force, calculated as F nl = |F − λv| (Fig. 7) and a minimum detectable frequency shift ≈0.5 ppm for the fundamental mode and ≈0.2 ppm for the overtone of the 6.5 kHz fork (Fig. 5) .
Using the laws of vortex dynamics, it is possible to derive that the critical velocity related to vortex motion and self-reconnections leading to production of additional On the other hand, using amplitude sweeps, the information on frequency shifts of the order of ppm is often lost due to imperfect tracking of the resonance, and thus the very rst instability at v cf1 or v co1 is harder to nd. In the cited work, v c2 is interpreted as a full-edged transition to quantum turbulence, while v c1 is discussed speculatively; a relation to the formation of a pseudoviscous ow in the vicinity of the oscillator is proposed. 
On the other hand, we have not observed any sign of such eects as seen in Ref. 22 around their v c1 , notably the increase or suppression of the drag depending on whether the original value of the drag was high or low (as inuenced by coupling to acoustic modes) with our 6.5 kHz tuning fork. As this fork was designed and chosen with special considerations for minimizing its acoustic emission, it seems that the eects observed in Ref. 22 might be related to acoustics phenomena. Indeed, the 55.5 kHz fork that is expected to have a measurable acoustic drag shows such an increase in the drag force (Fig. 8) . These results dier from ours in the sense that the rst critical velocity already marks some (albeit small) increase of dissipation, whereas in our case the ow continues to be dissipationless (within our resolution) in the narrow range of velocities between our rst and second critical velocity (although a weak increase in dissipation could be argued for the data taken at 20 mK, see Fig. 7 ). 
V. CONCLUSIONS
We have investigated instabilities in oscillatory ow due to tuning forks in isotopically pure superuid helium, focusing on the zero temperature limit. We have analyzed linear damping at low drives and ascertained that acoustic radiation into the uid can be neglected for the 6.5 kHz tuning fork operated at its fundamental and rst overtone modes, while it is measurable for the 55. Here, we propose a tentative explanation linking all the observations of oscillatory ow in zero temperature limit into a single framework. Specically, we suggest that the rst critical velocity, connected mostly to frequency shifts rather than changes in the drag force, is associated with the formation of a number of quantized vortex loops near the surface of the oscillator, possibly forming a thin layer, which aects the coupling to the uid and thus the hydrodynamic added mass. We believe that the value of this rst critical velocity is strongly dependent on the surface quality of the given oscillator; smoother surfaces are likely to result in a higher value, as one might expect from considerations of ideal ow enhancement past sharp corners. The second critical velocity is then related to the quantized vorticity propagating into the bulk of the superuid, either in the form of emitted vortex loops or, eventually, as a turbulent tangle. It is always accompanied by a marked increase in the drag force and usually hysteresis (detectable with amplitude sweeps). The third and highest critical velocity, above which the drag coefcient starts to grow towards unity, was found to be hydrodynamic in origin. We propose that it is linked to a qualitative change in the pattern of quantized vorticity, during which the vortex tangle becomes partly polarized, developing larger structures, and on scales exceeding the quantum length scale starts to mimic classical turbulence generated by oscillating objects in viscous uids.
We note that at higher temperatures in the two-uid regime, the situation is far more complex due to the possibility of the superuid and normal component ows becoming unstable independently and due to the mutual friction force coupling their velocity elds. This represents a signicant challenge for future research and we hope that our work will provide a useful stepping-stone for such an endeavour.
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